Abstract. Devastating tsunami over the last decade have significantly heightened awareness of the potential consequences and vulnerability of low-lying Pacific islands and coastal regions. Our appraisal of the potential tsunami hazard for the atolls of the Tokelau Islands is based on a tsunami source-propagation-inundation model using Gerris Flow Solver, adapted from the companion study by Lamarche et al. (2015) for the islands of Wallis and Futuna. We assess whether there is potential for tsunami flooding on any of the village islets from a selection of 14 earthquake-source experiments. These earthquake sources are primarily based on the largest Pacific earthquakes of M w ≥ 8.1 since 1950 and other large credible sources of tsunami that may impact Tokelau. Earthquake-source location and moment magnitude are related to tsunami-wave amplitudes and tsunami flood depths simulated for each of the three atolls of Tokelau. This approach yields instructive results for a community advisory but is not intended to be fully deterministic. Rather, the underlying aim is to identify credible sources that present the greatest potential to trigger an emergency response.
Abstract. Devastating tsunami over the last decade have significantly heightened awareness of the potential consequences and vulnerability of low-lying Pacific islands and coastal regions. Our appraisal of the potential tsunami hazard for the atolls of the Tokelau Islands is based on a tsunami source-propagation-inundation model using Gerris Flow Solver, adapted from the companion study by Lamarche et al. (2015) for the islands of Wallis and Futuna. We assess whether there is potential for tsunami flooding on any of the village islets from a selection of 14 earthquake-source experiments. These earthquake sources are primarily based on the largest Pacific earthquakes of M w ≥ 8.1 since 1950 and other large credible sources of tsunami that may impact Tokelau. Earthquake-source location and moment magnitude are related to tsunami-wave amplitudes and tsunami flood depths simulated for each of the three atolls of Tokelau. This approach yields instructive results for a community advisory but is not intended to be fully deterministic. Rather, the underlying aim is to identify credible sources that present the greatest potential to trigger an emergency response.
Results from our modelling show that wave fields are channelled by the bathymetry of the Pacific basin in such a way that the swathes of the highest waves sweep immediately northeast of the Tokelau Islands. Our limited simulations suggest that trans-Pacific tsunami from distant earthquake sources to the north of Tokelau pose the most significant inundation threat. In particular, our assumed worst-case scenario for the Kuril Trench generated maximum modelledwave amplitudes in excess of 1 m, which may last a few hours and include several wave trains. Other sources can impact specific sectors of the atolls, particularly distant earthquakes from Chile and Peru, and regional earthquake sources to the south. Flooding is dependent on the wave orientation and direct alignment to the incoming tsunami.
Our "worst-case" tsunami simulations of the Tokelau Islands suggest that dry areas remain around the villages, which are typically built on a high islet. Consistent with the oral history of little or no perceived tsunami threat, simulations from the recent Tohoku and Chile earthquake sources suggest only limited flooding around low-lying islets of the atoll. Where potential tsunami flooding is inferred from the modelling, recommended minimum evacuation heights above local sea level are compiled, with particular attention paid to variations in tsunami flood depth around the atolls, subdivided into directional quadrants around each atoll. However, complex wave behaviours around the atolls, islets, tidal channels and within the lagoons are also observed in our simulations. Wave amplitudes within the lagoons may exceed 50 cm, increasing any inundation and potential hazards on the inner shoreline of the atolls, which in turn may influence evacuation strategies. Our study shows that indicative simulation studies can be achieved even with only basic field information. In part, this is due to the spatially and vertically limited topography of the atoll, short reef flat and steep seaward bathymetry, and the simple depth profile of the lagoon bathymetry.
Introduction
The potentially disastrous consequences of tsunami on lowlying islands and coastlines has only been reinforced in the aftermath of recent great earthquakes, namely Sumatra in 2004, Tonga-Samoa in 2009, and Tohoku (Japan) in 2011. Atolls have very low topographic relief, emerging only me- Table 2 along with the fault-rupture geometries).
tres above sea level (e.g. Woodroffe, 2008) , such that even small rises in water level from storm set-up or tsunami may inundate lagoon-facing coastlines during spring tides (Ford et al., 2014) . In this context, inhabitants of atolls face different challenges from those of larger bedrock islands and mainland coasts, not least of which the lack of topographic relief, and in turn, potential limitations to emergency evacuation procedures. In addition, the characteristic deep-ocean surrounds and steep approaches of atolls result in tsunami behaviour that differs from coastlines rimmed by shallow shelves (Sladen et al., 2007; Ford et al., 2014) . Such rapid changes in depth on the approaches, a narrow reef crest and tidal platform, tidal channels, very thin or irregularly shaped islets, and a central lagoon that can be broad and deep, present computational challenges to the simulation of tsunami behaviour at resolutions meaningful for hazard assessments.
A suite of studies from the atoll islands of the Maldives documented the immediate impact of the tsunami generated from the Sumatran earthquake (e.g. Kench et al., 2006 Kench et al., , 2008 , along with sedimentological and morphological evidence from previous events that extend back millennia (Klostermann et al., 2014) . Throughout the Indian Ocean, the Sumatran earthquake also demonstrated a lack of community understanding of the threat posed by tsunami, appropriate response plans, and the broader societal impacts (e.g. Kurita et al., 2007) . The severity of the impact from such events has been a catalyst for international efforts to better understand and quantify tsunami hazards. However, many small-island nations are largely subsistence economies without the infrastructure to develop assessments of tsunami hazard.
Islands within the South Pacific are surrounded by distant seismogenic subduction margins with a history of great earthquakes capable of generating trans-Pacific tsunami (e.g. Hébert et al., 2001a, b) . Regionally, the Southwest Pacific also has a history of intense tectonic activity, originating from the Pacific-Australia convergent plate boundary and the broad area of deformation in the North Fiji Basin-Lau Basin. There are numerous tectonically complex features associated with the Tonga and Vanuatu subduction zones (Pelletier et al., 1998) and recent studies have documented evidence of tsunami impacts resulting from regional sources (e.g. Lamarche et al, 2010) . The atolls of Tokelau lie ∼ 700 km north of the tip of the Tonga-Kermadec Trench (Fig. 1) .
Tokelau is also one of five Pacific Island nations being supported under the New Zealand government's Ministry for Civil Defence and Emergency Management (MCDEM) Pacific Tsunami Risk Management Project, which focuses on implementing key country disaster management priorities, early warning systems, public education, and national exer-cises. To address that need, NIWA undertook an initial appraisal using a limited series of selected numerical simulations of tsunami inundation hazard for Tokelau, by exploring whether tsunami from distant or regional earthquake sources represent a significant threat. This approach is adopted to yield indicative and instructive results rather than being fully deterministic. The results are intended to help each Village Emergency Committee form their specific predetermined response to tsunami warnings disseminated from the Pacific Tsunami Warning Centre in Hawaii via the government of Tokelau, and to help ensure that emergency responses to tsunami warnings are efficient and that any evacuations are not undertaken unnecessarily.
Our investigation closely follows a companion study by Lamarche et al. (2015) , which examines tsunami hazards in the remote French territory of Wallis and Futuna, Southwest Pacific, using the Gerris Flow Solver to numerically model tsunami generation, propagation, and inundation. We adapt Gerris to create a series of scenarios, which are not necessarily comprehensive, generated by earthquakes originating from the seismogenic Pacific Rim, the sources of which have been identified and characterized in the literature. Both studies build on the Gerris modelling work pioneered by Popinet (2012) that simulated the 11 March 2011 Japan (Tohoku) tsunami.
Study area
Tokelau is located just south of the equator, and consists of three relatively small atolls ("nukus") that span approximately 160 km along a southeast-northwest axis, covering a total land area of approximately 12.25 km 2 within an Exclusive Economic Zone (EEZ) of 290 000 km 2 . The islands are located between 8 • 33 S, 172 • 30 W (Atafu), and 9 • 21 S, 171 • 12 W (Fakaofo), with Nukunonu approximately midway (Fig. 1) . Tokelau is located ∼ 480 km north of Samoa. All three atolls have a lagoon surrounded by a continuous matrix of fringing reef with the landmass, above on the reef flat, made up of a series of islets. These are typically not more than a few hundred metres wide, and between 3 and 5 m above mean sea level at their highest point. The tidal range in the Tokelau region is around 0.7 m. Tropical cyclones and El Niño-Southern Oscillation (ENSO)-driven droughts are the two most common natural hazards affecting Tokelau at sub-decadal timescales. As far as we are aware there is no recorded or oral history of significant inundation damage on any of the atolls of Tokelau that can be attributed to distant or regional tsunami.
Tokelau's population is currently just below 1500, split between the three atolls. On Atafu and Nukunonu there is a single village, whereas on Fakaofo the population is split between two islets (Fale and Fenua Fala) . The villages are all located on the leeward (western or northwestern) sides of the atolls.
Adjacent to the villages, narrow passages < 30 m wide are cut through the reef matrix to the open ocean. Around all the villages, short gabion and concrete walls ∼ 2-3 m high protect the beach rise below houses and infrastructure. Concrete sea walls and gabions 3-4 m high are also used to reinforce small inlets and wharfs, such as on Fale on Fakaofo.
3 Assessing tsunami flooding for Tokelau: scope and limitations
A number of studies have assessed deep water tsunami hazard around the Pacific Islands and Southwest Pacific, for example the first-generation tsunami scenario database developed for the Australian region by the Commonwealth Scientific and Industrial Research Organisation (CSIRO) as part of the Joint Australian Tsunami Warning Centre (Greenslade et al., 2009 ). However, deep-water tsunami models alone are not sufficient to develop an understanding of whether there is a potential tsunami inundation threat, particularly on atolls such as Tokelau where the seafloor rises very steeply from depths of between 2000 and 3000 m to the edge of the fringing reef at the sea surface.
In the current study, modelling has been limited to distant and regional sources, where typically a warning would be provided by the Pacific Tsunami Warning Center. While tsunami caused by local submarine landslides or volcanismrelated slope failure are other potential hazards, landslides big enough to cause any significant and widespread tsunami flooding will be rare and infrequent (e.g. Hébert et al., 2002; Goff, 2011) . In addition, any consideration of slope instabilities in general will require near-complete coverage of highresolution multibeam bathymetry of the slope surrounds. For Tokelau, and many other islands in the South Pacific, these data are not sufficiently dense, but as multibeam-bathymetry coverage continues to improve, local tsunami sources should also be examined. As such, local slope failures are not considered in the current study.
The tsunami inundation assessment is based on applying a tsunami source-propagation-inundation model to estimate whether there is potential for inundation of any of the village islets (motus) from a range of potential distant and regional tsunami sources. This assessment for Tokelau followed a four-step workflow.
1. For each tsunamigenic-source area, simulate the maximum potential tsunami based on a series of the very large, plausible earthquakes from published fault displacement and historical data (cf. Lamarche et al., 2015) .
2. Explore the relationship between an earthquake warning (M w and source location) and a potential tsunami threat (tsunami-wave amplitude, H max , and tsunamiflood depths, H in ).
3. Identify those source regions that pose a greater threat and report these separately from other compiled sources.
4. Where potential tsunami flooding is identified, compile recommended evacuation heights above local sea level, with particular attention to variations in tsunami-flood depth around the atolls.
4 Data sets and methods
Topographic and bathymetric data
The veracity of numerical simulations of tsunami is strongly dependent on the quality of seafloor topographic (bathymetric) data and the land topographic data for the area of inundation. The tsunami inundation modelling relied on an integrated representation of the nearshore bathymetry and topography drawn from available data sources. As noted in other modelling studies of island nations in the equatorial Pacific, whilst the paucity of high-resolution data is a critical limitation, first-order quantification of tsunami behaviour and hazard assessments are still possible (e.g. Sladen et al., 2007) . As such, maps of tsunami-inundation extent or tsunami-flood depths produced in the current study should be seen as indicative only, and more attention should be given to patterns outlining the possible tsunami-wave run-up over the emergent land. Regional bathymetry from the General Bathymetric Chart of the Oceans data sets (GEBCO; www.gebco.net) is used to create the generalized bathymetry. Limited high-resolution multibeam-bathymetric data from selected reef passages and approaches (< 300 m water depth) were acquired by the Royal New Zealand Navy Littoral Warfare Support Group in Tokelau for the Ministry of Foreign Affairs and Trade during Exercise Tropic Twilight in July 2011 (Jensen, 2011) . These data are incorporated into a regional bathymetric grid, along with soundings collected in 2005 and 2007 by the Navy, for the upper slope and mid-slope around all three atolls. We use remotely sensed depth information from colour satellite images to complement these bathymetric data and to better parameterize the lagoons, reef flats, and aprons. Hand-editing was required with iterative model runs to ensure that sensible bathymetric profiles were achieved.
A significant limitation for Tokelau is the lack of highresolution topography over the emergent landmass and adjacent tidal shallows. Elevation information for the atolls, islets, and emergent reefs are generated from a range of unprocessed data sources, all of which required careful filtering. Vector data (generated from airborne radar) and feature catalogue information from the Multinational Geospatial CoProduction Programme (MGCP) and the New Zealand Defence Force (NZDF) are at a 30 m grid spacing and are incorporated where applicable. However, given the very low elevation of the atolls, extensive and careful hand-editing of the elevation spot heights is essential to ensure sensible elevations are incorporated into the topographic grid surface. For example, treetops were often listed as the land elevation, and the spot-height density was often too low to create the spatial resolution required to model the villages and surrounds meaningfully. Other elevation information is gleaned from spot heights for features or infrastructure (e.g. tidal datum), rectified satellite images from the NZDF, and other published sources (e.g. Google Earth).
Due to the low-data density around the villages, these elevation data are complemented by manual input of spot heights estimated from satellite images, following known natural bathymetric features such as beach rock, reef flats, or the beach face, along with manmade features such as sea walls where elevations could be estimated from field photographs. No surveyed, independent vertical (tidal) datum exists for Tokelau, so our simulations at mean sea level (m.s.l.) are created from assumed reference heights drawn from our interpretation of what limited geomorphological information exists. To achieve a workable spot-height density, the fringing-reef edge is assigned a height of 0 m, approximating a model datum for m.s.l., both on the seaward and lagoon sides of the atolls. This assumption appears compatible with the small number of available cross sections of Tokelau village atolls from McLean (1993) . An example of the final spot-height data density used in the simulations from the village of Atafu is shown in Fig. 2 . To represent a possible "worst-case scenario" in terms of initial water height, a model sea-level datum is set at m.s.l. + 1 m to simulate a tsunami arriving at Mean High Water Spring tide (MHWS), visible as a MHWS strandline in aerial photographs that spatially approximates the base of the beach rise. Additional simulations at other presumed tidal elevations are unwarranted given the uncertainties.
The modelled topography for Atafu at m.s.l. and MHWS can be portrayed as a colour-ramp contour map (Fig. 3) . Tsunami-wave height and tsunami-flood depths cannot be extrapolated linearly from any given sea level because of the complex behaviour of the wave interacting with the atoll as it shoals. A measure of the tsunami-wave run-up over the emergent land (a proxy for inundation flooding) is termed H in . This differs from the maximum wave amplitude, H max , above a given sea level (m.s.l. or MHWS). We anticipate that the two complete sets of simulations herein capture a range of realistic model outcomes and provide an indicative portrayal of the likely tsunami behaviour and threats for Tokelau. A schematic depiction of the sea-level elevations and inundation terminology used in the tsunami model simulations is shown in Fig. 4 .
Tsunamigenic-earthquake scenarios and fault models
For the purposes of exploring the civil threat posed by tsunami for Tokelau, the tsunami-generating earthquake sources can be classified into two basic scenarios based on event records: (1) regional sources that would have limited warning (a few hours) requiring a rapid response; and (2) distant sources that cause trans-Pacific events, which would allow sufficient time for verification that a tsunami has occurred and appropriate warnings to be given. The earthquake scenarios selected in the current study are based on the largest Pacific earthquakes of M w ≥ 8.1 since 1950. (Table 1). To be capable of generating a tsunami large enough to reach Tokelau and other Southwest Pacific Islands, oceanwide or regional earthquakes would typically have to be of magnitude greater than M w = 8.0. From this historical compilation, a selection of modelling scenarios of credible sources of tsunami that may impact Tokelau is considered (Table 2 ). These earthquake sources are longstanding and many have led to well-documented and measured tsunamigenic events elsewhere in the Pacific (e.g. National Geophysical Data Centre, 2016). Palaeo-tsunami research from the Pacific Islands indicates that there is substantial geological evidence for destructive tsunami events with millennial-scale reoccurrence intervals (Goff et al, 2001a ).
Tsunami propagation is controlled by seafloor topography and water depth along the path of the tsunami-wave train, while inundation is controlled by the coastal bathymetry, reef structures, topography above the shoreline, and human modification (e.g. Kunkel et al., 2006; Gelfenbaum, 2011; Popinet, 2012) . Key physical parameters of the earthquake sources influence the amplitude of the tsunami wave at transoceanic distances, including focal depth, total slip and slip area, and azimuth (e.g. Hébert et al., 2001b) . The final amplitude at a receiving shore is also strongly affected by focusing and defocusing effects, due to variations in bathymetry along the path of the tsunami (e.g. Hébert et al., 2001a) .
The current study considers only those tsunami generated by seafloor displacements associated with earthquake fault ruptures. Tsunami excitation increases proportionally with the vertical displacement of the fault rupture on the seafloor, which in turn is related to the moment magnitude (M w ) of the generating earthquake (e.g. Okal, 1988) and the dip of the fault. Moment magnitude can be derived from an estimate of the fault rupture's physical parameters (length, width, depth, Table 2 . Compilation of plausible worst-case earthquake scenarios based on a combination of the largest historical earthquakes and/or established earthquake fault models (after Lamarche et al., 2015) . The rake angle is 90 • for all sources. (1) date of earthquake used as reference; (2) and dip) using empirical relationships (e.g. Wells and Coppersmith, 1994) . Earthquake moment magnitudes are calculated from empirical correlations with fault rupture lengths and widths using the Hanks and Kanamori (1979) empirical regression to estimate the fault rupture parameters:
The seismic moment (M o ) is calculated from
where the rigidity modulus of the Earth's crust (µ) is 3 × 10 11 dyne cm −2 , the fault length (L), and width (W) are determined from bathymetry maps and literature review, and the verge slip (event displacement) along the fault plane (D) is derived from published literature. No errors are assigned to these dimensions as we consider them to be maximum values. However, the relationship between earthquake magnitude and seafloor vertical displacement is complex, and in the absence of well-constrained field measurements may have multiple solutions and carry significant uncertainties (e.g. Okada, 1985) . These uncertainties are not formally quantified herein and are beyond the scope afforded by the current study. Earthquake parameterization herein (Table 2 ) is adapted from that described in the companion paper by Lamarche et al. (2015) from a scenario-based study of tsunami hazard for the South Pacific Islands of Wallis and Futuna. Parameters are obtained from the literature and knowledge of regional tectonics and geodynamics (e.g. Johnson and Satake, 1993; Wesson et al., 2007; Lamarche et al., 2010 Lamarche et al., , 2015 Shao et al., 2011; Goff et al., 2011b Goff et al., , 2012 . Very large, plausible earthquakes for each seismogenic region are estimated as a first-order guide to assess potential tsunami behaviour, supported by observational data where possible, e.g. recorded tsunami events in Hawaii and around the Pacific. In most cases these earthquake scenarios follow historic precedents, primarily since the mid-1950s and modern quantitative methods of source parameterization. However, for some established sources that are not well constrained by recent giant megathrust earthquakes (≥ M w = 9.0), compelling evidence over the last 100+ years warrant the development of worstcase scenarios to better characterize a potential tsunami hazard for Tokelau. Note that there are inherent complexities when modelling great earthquakes, and as highlighted by Greenslade et al. (2009) , linear scaling becomes unreliable beyond M w = 9.2 and results in unrealistic earthquake rupture and slip lengths because peak slip occurs over a reduced area.
Earthquake fault parameters are compiled for the distant circum-Pacific deep subduction trenches of Japan, Kuril Islands, Aleutian Islands, Cascadia, Peru, and Chile, where earthquake magnitudes ≥ M w 8.5 have been recorded (Table 1, Fig. 1 ). Data describing these historical earthquakes and tsunami are readily available from the United States Geological Survey (earthquake.usgs.gov) and National Oceanic Atmospheric Administration (www.ngdc. noaa.gov) databases. Of particular relevance to the current study are the very active, distant subduction-margin sources to the north and northeast of Tokelau, namely the Tohoku, Kuril, and Aleutian Trench sources.
The Tohoku fault parameters are based on the welldocumented 11 March 2011 M w = 9.0 earthquake, the resulting tsunami from which is simulated in detail in Popinet (2012) . The source model compiles 190 sub-faults previously defined by Okada (1985) , and obtained by seismic inversion (Shao et al., 2011) . Hence, the average slip noted in Table 2 is only a summary of this information.
For the Kuril Islands and Kamchatka, the fault parameters are developed from two well-documented earthquakes described by Rabinovich et al. (2008) : (1) M w = 8.3 earthquake of 15 November 2006, the epicentre of which was located on the continental slope and had a 400 km long rupture; and (2) M w = 8.1 earthquake of 13 January 2007 which was located in Kuril-Kamchatka Trench and had a 200 km long rupture. Both these earthquakes caused trans-Pacific Figure 3 . Example of the model-generated topography for Atafu, the smallest and northernmost atoll of the Tokelau group. The land topography is in metres above mean sea level (m.s.l.) (a), and at Mean High Water Spring (MHWS) (b), at a regular spatial resolution of 15 m. In the time-dependent tsunami runs, the adaptive grid in Gerris will evolve and select the appropriate grid dimensions consistent with the tsunami wave as it approaches and subsequently passes the islands. The vertical land heights span a relatively limited range of 0.25-5 m. In contrast the surrounding ocean ranges from around zero at the reef edge to thousands of metres' water depth within a short distance seaward of the shoreline. The lagoons have inferred depth ranges spanning many tens of metres (no verified measured depths were available). The village of Atafu is indicated by the circle in the northwestern corner of the atoll.
tsunamis that were recorded in Japan, Aleutian, Hawaii, along the west coast of North America, Peru, Chile, and New Zealand. A larger M w = 8.8-9.0 earthquake occurred in 1952 on the northern portion of the Kuril-Kamchatka margin which also generated a severe and locally damaging transPacific tsunami. Early analysis by Bath and Benioff (1958) estimated that the aftershock sequence was distributed over an area 1030 km in length and 240 km in width, but subsequent studies suggest a smaller rupture area, approximately 700 km long and 150-200 km wide (e.g. Ben-Menahem and Toksöz, 1963) , and more complex slip behaviour along fault segments (Johnson and Satake, 1999; MacInnes et al., 2010) . Data and technology limitations from 1952 result in large uncertainties with any reanalysis. Nonetheless, the great length of the Kuril-Kamchatka subduction margin and its propensity to produce large earthquakes (6 of the 29 earthquakes ≥ M w 8.1 in the circum-Pacific since 1950, Table 1 ) reinforce that it is frequently capable of generating tsunamigenic events. For these reasons, a 1000 km long rupture length and 200 km fault width is speculated herein as a potential worst-case scenario (Table 2) , compatible with the subduction interface-zone parameters proposed by Berryman et al. (2015) for the Kuril-Kamchatka margin. According to the empirical relationship of Hanks and Kanamori (1979) , such a rupture results in an M w = 9.28 earthquake with ∼ 17 m slip.
Tsunamigenic-earthquake sources from the AleutianAlaska margin include earthquakes in 1957 , 1964 , and 1965 (e.g. Johnson and Satake, 1993 Johnson et al., 1994 Johnson et al., , 1996 Wesson et al., 2007) . The 1957 M w = 8.6 Andreanof Islands earthquake had a very long rupture length of 850 km and 10 m of slip (Johnson et al., 1994) . Although smaller in magnitude than the 1964 M w = 9.2 Prince William Sound and 1965 M w = 8.7 Rat Islands earthquakes, the 1957 event in the western Aleutian Arc generated a more destructive transPacific tsunami that caused significant damage in Hawaii, and was recorded in Chile, El Salvador, Japan, and the Marquesas Islands of French Polynesia (USGS database). The 1946 M w = 8.1 Unimak Island earthquake also generated a great trans-Pacific tsunami that caused extensive damage and loss of life in Hilo (Hawaii), and reached French Polynesia, Chile, and Antarctica. Fault-source parameters for this earlier event were poorly constrained by the data and technology available, and more recent studies have argued for various tsunami-generation mechanisms that incorporate a triggered large-submarine landslide along the continental slope (e.g. Fryer et al., 2004; Okal and Hébert, 2007) . For this reason we closely follow the damaging 1957 event in the simulation herein because the source geometry and mechanisms are better constrained and less controversial. Such examples highlight the complexity of the tsunamigenic sources and our continually evolving -and retrospective -understanding of them.
For Cascadia, a worst-case scenario is developed as no recent reanalysis provides reliable fault parameters for a great earthquake. In general agreement with other regional data (Christensen and Beck, 1994; Johnson et al., 1996) , a rupture length of 1050 km is assumed, which generates a tsunamigenic earthquake with a magnitude of M w = 9.1 and 17.5 m of slip.
For great earthquake ruptures along the central Peru subduction zone, we are guided by the reanalysis by Beck and Nishenko (1990) of the 1868 Peru and 1906 ColombiaEcuador great earthquakes. Herein we simulate the 13 August 1868 M w = 9.0 earthquake off Peru, using a rupture length of 900 km with 15 m of slip. Southern South America has a rich history of tsunamigenic earthquakes, including the largest earthquake recorded, the 1960 M w = 9.5 Valdivia event along the Chilean Trench (e.g. Kanamori, 1977) , which generated a tsunami affecting the entire Pacific. Many interpretations of the fault parameters for the 1960 Chile earthquake have been proposed, but we follow the reanalysis, tsunami modelling, and ground truth testing by Heinrich et al. (1996) . They argued that the best comparison between modelled waves and records along the Chilean coast and Tahiti was obtained from a fault-source solution proposed by Cifuentes (1989) using a fault area 920 km long and 120 km wide, a dip of 12 • , and dislocation slip of 32 m. The resulting moment magnitude calculated herein is M w = 9.29, broadly compatible with the seismic moment of M w = 9.2 recently reanalysed by Fujii and Satake (2013) .
The regional earthquake sources are located in the South Vanuatu Trench, central Vanuatu back-arc, North Vanuatu Trench, and the Tonga Trench. The Tonga Trench in particular experiences recurrent great earthquakes that have generated damaging tsunamis (e.g. Beavan et al., 2010) and, therefore, represents a significant and credible hazard to the surrounding South Pacific region. For this reason five earthquake scenarios are developed for the Tonga Trench and three for the Vanuatu Trench region based on variations in the source parameters along the trench. Other seismically active regions are unlikely to generate tsunami as fault orientations are predominantly transcurrent, or are small normal faults associated with rifting (Pelletier et al., 1998) . Local tsunami-generating mechanisms, such as landslides or volcanic eruptions, are not considered and fall outside the scope afforded by the current study.
In the Tonga Trench region, two historical great earthquakes had epicentres ∼ 110 km apart and generated damaging tsunami: 26 June 1917 (M w = 8.4) and 29 September 2009 (M w = 8.1) (Engdahl and Villasenor, 2002; Okal et al., 2010) . A scenario is based on the latter 2009 rupture using source parameters determined by Beavan et al. (2010) and Lay et al. (2010) , and is validated against post-tsunami observations in Samoa (Dominey-Howes et al., 2009) and further validated by Lamarche et al. (2015) against observations in Futuna-Alofi (Lamarche et al., 2010) . A worst-case Tonga Trench scenario is developed using a long rupture length of 1000 km -the entire Tonga segment of the Pacific-Australia plate boundary -to generate an M w = 9.1 earthquake with 20 m of slip (Table 2) . This scenario is then made even more extreme by adding an arbitrary +1 m water height at the time of the tsunami initiation to replicate a higher tide. A central Tonga scenario is similar to that of the 2009 M w = 8.1 event, but with an increased fault length of 600 km. A north Tonga scenario is based on a 300 km long rupture along the North Fiji transform fault zone with 6 m of displacement, generating an M w = 8.16 event (Table 2 ).
In the Vanuatu Trench region, a north Vanuatu Trench scenario uses a fault source located west of the Vanuatu Archipelago. Based on the Vanuatu trench morphology, Lamarche at al. (2015) estimated a rupture length of 400 km, oriented NNW-SSW, with 10 m of displacement to generate an M w = 8.39 event. A south Vanuatu scenario uses a fault source parallel with the south Vanuatu Trench, corresponding to the location of the 20 September 1920 M w = 8 earthquake that generated a tsunami in the Loyalty Islands (Sahal et al., 2010) . Based on the Vanuatu Trench morphology Lamarche et al. (2015) estimated a 300 km long rupture with 8 m of displacement, resulting in an M w = 8.24 event. The source parameters for the Vanuatu back-arc scenario are based on the 1999 M w = 7.5 Ambrym earthquake (Régnier et al., 2003) that generated a tsunami in Vanuatu (Pelletier et al., 2000) . Using the tsunami numerical model of Ioualalen et al. (2006) for that event, Lamarche et al. (2015) applied a fault length of 200 km, capable of generating an M w = 7.96 earthquake and 6 m of seafloor displacement along the central Vanuatu back-arc thrust zone (Table 2 ).
Tsunami model parameterization
Tsunami modelling is achieved using Gerris Flow Solver (Popinet, 2003) . The Saint-Venant (or non-linear shallow water) equations (de Saint-Venant, 1871) used for numerical tsunami simulations have been integrated into Gerris, with details of the solution method and application using Gerris summarized in Popinet (2011) and Popinet (2012) , respectively. In the time-dependent tsunami simulations, the adaptive grid generated in Gerris refines and coarsens to select the appropriate grid resolution to capture the tsunami wave evolution. This approach of dynamically adaptive mesh refinement can lead to orders of magnitude gains in computational efficiency compared to non-adaptive methods, of particular relevance in far-field trans-Pacific multi-kilometrescale simulations requiring simultaneous resolution of metrescale inundation processes. The initial wave elevation is generated from a source model derived using seismic data only. The study by Popinet (2012) of the 2011 Tohoku earthquake compared the tsunami simulated using Gerris with observational records from DART buoys, GLOSS tide gauges, and fine-scale flooding using satellite and field data; the results demonstrated that Gerris provided an accurate prediction of the long-distance wave and yielded considerable confidence that, in partnership with an accurate source model, Gerris can be applied to trans-Pacific tsunami simulations.
When running the model, there is a balance between accuracy (grid resolution) around the islands, and the need to complete the runs in a timely fashion (weeks rather than months of computation). For the scenarios used herein, the regional simulations are run with spatial grid scales spanning 62 500 m down to a minimum of 31 m, while the distant simulations span grid scales of 208 498 m down to a minimum of 25 m. Here, the minimum grid size is limited by the resolution afforded by the elevation data for each of the atolls, which in most cases carries significant uncertainty. Additional high-resolution data of sufficient density and accuracy, such as remotely sensed laser-light elevations (lidar), would be required to generate meaningful results for grid sizes < 25 m. As noted above, the current radar-derived vector data are not sufficient in this regard.
Results from tsunami model simulations

Distant-earthquake sources
The simulated maximum tsunami-wave amplitudes above sea level (H max ) are compiled for all distant sources, and the range of wave amplitudes is large (0.125-7.9 m) (Fig. 5) . The largest earthquake sources can be seen from the elongated red streaks of high wave amplitudes around the Pacific basin. As the wave travels from the source region, it encounters topography in the form of sea floor bathymetry, seamounts, seamount chains, and other islands and larger landmasses, each of which can accelerate, slow, and scatter the incident wave field, transforming the original single coherent wave into a train of waves. The abrupt squared-off ends of some of the colour swathes mark the end of the model simulations: when these data indicate that the tsunami wave had long since Table 3 . Arrival times in hours (h) and minutes (min) for waves from distant-and regional-earthquake simulations. The first occurrences of tsunami waves greater than 10 cm height are used to define initial arrival times at Tokelau and approximate tsunami event duration. Fig. 6 replicates Fig. 5 , except that the Kuril event is excluded from the compilation of maximum tsunami sources. In comparing the upper frames in Figs. 5 and 6 it is noticeable that the worst-case Kuril event generates a response at the Tokelau Islands substantially larger than that of all the other simulations. The tsunamiwave amplitude in the vicinity of the Islands is around 50 cm excluding the Kuril event, but the wave amplitude is potentially over 1 m with a Kuril event included. This is not simply a reflection of the relative initial earthquake magnitude of the Kuril event. Wave fields are channelled by the bathymetry of the Pacific basin in such a way that the largest wave amplitudes miss the Tokelau Islands. Similarly, for the M w = 9.1 Cascadia event, the propagation is such that no significant wave amplitudes are registered at Tokelau. Importantly for hazard assessment, these simulations reinforce that earthquake event magnitude is not the only factor when determining the likelihood of significant waves at Tokelau. Here, the azimuth of the wave front and propagation direction across the seafloor are also significantly influential. The regional earthquake-source simulations show similar behaviour and interaction with the bathymetry.
Of the three atolls, the villages on Nukunonu and Fakaofo have more potential for inundation along their margins during the largest events because of their low and narrow land area. Our simulation suggests that the Tohoku event resulted in some modelled inundation, but much of the land surrounding the villages remained dry, notwithstanding the large uncertainties. Further validation of this modelled result could be yielded from observations after the Tohoku event in 2011 and Kuril earthquakes over recent decades, and incorporating these with information on the tidal state when the waves arrived. However, to the best of our knowledge there is no observational legacy of unusual tides or surges, or other phenomena that could be linked to such events.
Modelled run-up-height estimates for Tokelau are calculated using the maximum estimates from all distant-source simulations. Model outputs are simplified to highlight which parts of the atolls are most likely to remain dry under a series of plausible scenarios, with the villages being areas of greatest interest. The results of the tsunami simulations are portrayed as a colour ramp of the maximum inundation distance (horizontal) and flood depth (in centimetres) vertically above land, H in . A static impression of the summary maximum wave amplitude (above a specified zero level of m.s.l. or MHWS) and inundation at Atafu can be obtained by integrating the full simulation time history into just a single image (Fig. 7) . However, a particular challenge for our study is to ascertain enough topographic data to allow the model to adequately interpolate between the seaward and lagoon sides of each atoll. For the distant-earthquake simulations, tsunami arrival times are in excess of 8 h for sources in the western part of the Pacific basin, and in excess of 13 h for Chile and Peru sources in the eastern part of the Pacific (Table 3). Hence, warning times are relatively long.
Our simulations reinforce that each tsunami event is generally not characterized by the rapid passage of a simple, single wave front before returning to rest. Events could persist for 2-3 h, during which time the wave field may remain at levels capable of generating potential inundation (Table 3 ). The wave train may persist across the Pacific for days, but model simulations were stopped when the threat for further significant flooding was considered low.
Regional-earthquake sources
Seven regional scenarios are modelled, but only two (northern tip Tonga and Tonga Trench) resulted in wave amplitudes over 10 cm at the Tokelau Islands and H max is typically less than 30 cm (Fig. 8) . The regional sources used in this study are generally located to the south or southwest of the Tokelau Islands and, when combined with the fault orientation Figure 5 . Summary of maximum wave amplitudes for all distant sources. The top frame (a) provides a regional focus of the southwestern equatorial Pacific, with the Tokelau Islands outlined in white. The lower frame (b) provides a wider view of the Pacific Ocean and the distant, trans-Pacific tsunami source regions, with the Tokelau Islands outlined in black. Note that simulations stop after the majority of the tsunami-wave train has passed Tokelau, giving a truncated appearance to farthest extents of the wave fields. The height is plotted on a logarithmic scale (same for both images) to adequately capture the wide range of wave amplitudes in both frames (0.125 m in dark blue to over 7.9 m in red).
and bathymetry in this region, the simulations suggest that the Tokelau Islands are relatively sheltered (particularly by the Samoa Islands chain) such that wave amplitudes exceeding 0.5 m are predicted to occur further west and east of the Tokelau Islands, but do not impact Tokelau.
Simulations of maximum tsunami inundation depth show some inundation on each of the islands resulting from the maximum regional source simulations, but significant areas of land remain dry (Fig. 9) . The amplitudes and patterns of inundation are comparable to the distant events excluding Kuril (Fig. 6) , and reflect the influence of each island's topography. Hence, the simulated land areas identified as dry for the distant earthquake sources are also predicted to stay dry for regional sources. Note that simulations stop after the majority of the tsunamiwave train has passed Tokelau, giving a truncated appearance to farthest extents of the wave fields. The height is plotted on a logarithmic scale (same for both images) to adequately capture the wide range of wave amplitudes in both frames (0.125 m in dark blue to over 7.9 m in red).
The significant point of difference for the regional-versus the distant-earthquake source simulations is the arrival times of the first significant tsunami waves, a function of travel distance. Arrival times of 50 min (northern tip Tonga) to around 65 min (Tonga Trench) are to be expected, with event durations of 1-3 h (Table 3) ; therefore lead times for implementing any emergency plan will be short for such regionally generated events.
Summary of results from simulations
From the 14 potential distant and regional tsunami sources investigated in this hazard appraisal, nearly all have land areas within the villages of the Tokelau Islands that will remain dry. The scenarios sample a range of earthquake sources in Figure 7 . (a) Modelled maximum inundation for the atoll Atafu using the maximum estimates from all distant-earthquake source simulations. (b) Zoomed in image of the modelled tsunami-flood inundation depths (above m.s.l.) for the village on Atafu in the northwestern corner of the atoll (indicated by the semi-transparent grey area) from all distant-earthquake sources. For both images, the colour bar legend shows the maximum tsunami-flood inundation depth (in centimetres above land, H in ). The uncoloured areas, where the underlying satellite image of the atoll and islets can be seen, are emergent land areas that remain dry during the modelled tsunami flooding events. The area of the village is circled in white (a) and outlined by the semi-transparent grey area (b). The lagoon and fringing reef are not considered land in the model so have no colour, but because these areas are so shallow, on occasion one or two grid squares of colour might occur away from the known areas of land.
terms of magnitude, orientation, and distance from the Tokelau Islands. Given that there have been eight tsunamigenic earthquakes ≥ M w 8.1 since the year 2000, two of which are among the largest recorded earthquakes in the world since 1900, it is reasonable to assume that tsunami hazards are small to moderate. Collectively, the outcome that none of the modelled tsunami waves overwash any of the atolls is broadly consistent with living memory of the islanders and oral history of little or no perceived threat of tsunami. The static images used in this report represent a snapshot of a tsunami-event scenario as the tsunami wave interacts with each of the atolls. However, other wave behaviour is evident when the complete wave passage is viewed as a movie, emphasizing wave dynamics and refraction effects around the atolls, islets, tidal channels, and within the lagoons. Deep channels through the fringing-reef matrix in particular can allow for the propagation of far more tsunami energy than shoals protected by reefs or islets (cf. Gelfenbaum et al., 2011) . The simulations run at MHWS reinforce that during the largest events, run-up is also possible from the lagoon side of the atoll, as the reef flat does not provide a barrier to wave propagation.
Discussion
Comparison to other tsunami simulations for Pacific Ocean atolls
Central Pacific Islands are essentially surrounded by seismogenic subduction zones that are a defining geological feature of the Pacific Rim. However, despite the large number of these tsunamigenic sources, previous simulation studies have suggested that the occurrence and behaviour of potentially dangerous trans-Pacific tsunami in the South Pacific is moderated by a combination of the fault-strike angle, arrival azimuth, and deep-ocean bathymetry (e.g. Hébert et al., 2001a, b) . Linear seafloor features, such as the large Hawaiian Ridge and East Pacific Rise, can trap, scatter, or redirect wave energy from tsunami sources. Results from our simulations agree with these prior studies and suggest that the deep surrounds of the Tokelau atolls reduce the tsunamiwave amplitude amplification in the region in general. The swathe of maximum wave amplitudes from the Kuril simulation -the seismogenic source in our simulations that re- sults in the strongest tsunami wave at Tokelau -passes immediately northeast of Tokelau, with amplification ∼ 50 cm greater than that of waters around Tokelau (Fig. 5 ). Peculiar to atolls as emergent features that can be impacted by tsunami, results from a previous study for the Tuamotu Archipelago of French Polynesia by Sladen et al. (2007) suggest that observational run-up data from moderate tsunamis are consistent with offshore wave amplification, inferring that only moderate tsunami hazards might exist on reeffringed atolls. They suggest that this behaviour is caused, in part, by the long wavelength relative to the short length of the steep bathymetric slope, and energy dissipation from wave reflection and breaking along the atoll crest. Our results are broadly consistent with these findings as none of the worstcase scenarios resulted in complete inundation of the Tokelau village islets; but simulated wave amplitudes can exceed the tidal range nonetheless. As noted by Sladen et al. (2007) , gaps in the reef may behave differently and present greater hazards with respect to elevated run-up heights. Results from our simulations run at MHWS show elevated heights through tidal channels and within the lagoon (as discussed below). Given that atolls have such low relief, there is little room for complacency, as evidenced by wave amplitudes > 2 m from the 2004 Sumatra tsunami at the Maldives (Rabinovich and Thomson, 2007) and the accompanying destruction recorded on the Marshall Islands in the aftermath of the 2011 Tohoku tsunami (Ford et al., 2014) .
With respect to impacts of tsunami in the wider equatorial Pacific from great earthquakes, following the M w = 9.0 Tohoku earthquake and tsunami in 2011, Ford et al. (2014) suggest that the impacts on Pacific Ocean atolls were relatively minor. Indeed, they report that since 1946, of the 26 tsunami events recorded at Kwajalein Atoll in the Marshall Islands, the highest water level measured on a tidal gauge was only 0.38 m.
Behavioural characteristics of tsunami interactions within the atolls of Tokelau
The Gerris simulations generated significant wave amplitudes within the atolls themselves, which can be captured with the fine, adaptive local grid resolution around each atoll. Snapshots using the Kuril-source experiment at MHWS demonstrate some of the behavioural characteristics of waves within the lagoons, taken using successive 100 s increments from ∼ 1 h after the arrival of the first wave train at Atafu (Fig. 10) . A range of solutions are obtained within the lagoons as the oceanic wave progresses from northwest to southeast through the Tokelau group. Here, the minimum spatial resolution of the simulation is adapted to 25 m relative to typical atoll scales of 5-10 km across, with resulting wave amplitudes from 0.5 to 1.5 m. Given the grid resolution and other uncertainties (e.g. lagoon bathymetry), the general wave behaviours revealed in the simulations can be considered illustrative rather than quantifiable per se. For Atafu, a wave initially crosses the western reef (Fig. 10d) , and then propagates eastward across the lagoon (Fig. 10e and f) . There are also wave intrusions through the reef matrix on the northern and southern sides of the atoll, which interfere with the traverse of the larger wave across the lagoon. Close inspection of these frames also reveals that the A. R. Orpin et al.: Tokelau tsunami hazard potential dry atoll regions (in black) change in size as the waves inundate and recede. For Nukunonu (Fig. 10g-i) , a wave overtops the northern reef, and then propagates southward across the lagoon, with another wave impinging from the north; these frames also show a series of waves generated by previous incursions into the lagoon propagating and interacting with each other. For Fakaofo (Fig. 10j-l) , numerous waves interact, produced by flow through Fakaofo's relatively complex fringing reef and islets, giving a more circular character to the wave fronts. Examination of the successive time increments ( Fig. 10j-l) reveals a series of wave fronts that travel northwards and then to the northeast, eventually filling the entire lagoon.
Close inspection of the complex wave patterns within each atoll reveals changes in the area of dry land as the lagoon waves surge and recede. Upon arrival of the wave front, each atoll is simultaneously responding differently, which may be important for any civil advisory for individual atolls. This aspect of the depiction might be lost if the wave fronts were matched by phase rather than time. Together with wave amplitudes within the atolls that exceed 50 cm, there will likely be increased inundation on sections of the lagoon shorelines. It is also apparent that the propagation timescale for the lagoon waves differs from that of the oceanic wave outside the atoll, raising potential for phase effects if the oceanicwave set-up interferes with the arrival of a wave from within the lagoon. As such, these complex wave fields and interactions may also influence evacuation strategies for the individual villages between atolls. Furthermore, such strategies will likely differ from typical coastal-island settings where retreat from the open ocean might be considered a safe option.
Here, Gerris solves the Saint-Venant equations (non-linear shallow water system), so will not reproduce the required dispersion relations as the topography shoals around the atolls. This dispersion is more correctly addressed using the so-called Boussinesq-Green-Naghdi variants of the shallow water systems (e.g. Panda et al., 2014, and references therein) , and such equations can be solved using a new adaptive system called Basilisk (e.g., Popinet, 2014 Popinet, , 2015 Beetham et al., 2016) .
Tsunami evacuation advisory: identifying key information relevant to end-users
In order to provide some kind of summary advisory for emergency planning for the Tokelau Islands in the event of a major tsunami, the combined maximum tsunami-flooding results from the numerical modelling have been used to inform evacuation strategies. Scenarios that are not hazardous or potentially hazardous or worst case are of lower relevance to a civil advisory as they are likely to be a lesser threat. The results are presented in terms of the tsunami-wave run-up height, the maximum elevation on land to which the sea inundates above the initial sea level as a result of the tsunami event. Given the uncertainty of the topography used in this study, referencing the run-up height back to sea level is considered more meaningful and potentially provides a more tangible and less ambiguous point of reference for the islanders. For each island the highest run-up from three cases is recorded. Two cases are based on the largest distant sources: one with, and one without the Kuril-source simulation. A third case records the highest run-up simulated from the combined maximum regional sources.
Results from the current study and those from some other tsunami simulation studies for the south-central Pacific (e.g. Hébert et al., 2001a) emphasize the importance of wave orientation from specific tsunamigenic sources when considering inundation hazard for a particular location. To better recognize wave orientation as part of an advisory, for each of the semi-circular atolls, compass quadrants are used to provide a geographically practical means to assess the impact of the tsunami simulations on specific sections of the atoll and the main village(s) ( Table 4) . For each geographic region, the maximum run-up height (in metres) is given above the specified local sea level: mean sea level (m.s.l.) and estimated Mean High Water Spring (MHWS). The construction of our civil advisory captured in Table 4 is, necessarily, simplistic and considers only five essential variables: (i) a great earthquake from Kuril; (ii) another significant distant great earthquake; (iii) a significant regional source; (iv) the effect of tidal height; and (v) quadrant of the island. In short, the underlying questions are as follows: which quadrants of the atolls remain dry, and which earthquake sources present the greatest threat to that quadrant?
In some cases, run-up heights for simulations with sea level at MHWS are lower than the equivalent earthquake sources run at m.s.l. This may seem counterintuitive and the reverse of what might be expected. An explanation for this behaviour may come from a simulation study by Gelfenbaum et al. (2011) that explored the effect of fringing reefs on tsunami inundation in American Samoa. Their study suggested that when fringing reefs are narrow (< 200 m wide), greater wave amplitudes onshore are encouraged by shoaling interaction with the fringing reef. However, as the reef width increases ( 200 m), dissipation of wave energy from bottom friction begins to dominate over shoaling and causes the tsunami-wave amplitudes to decrease. The fringing reefs around the atolls of Tokelau range in width from ∼ 75 to 400+ m, but are variable laterally depending on the relative position of emergent islets. Whether the Tokelau reef flats are relatively wide when covered by the tide (MHWS), or exposed (m.s.l.) at the time of arrival spans the transition between shoaling or bottom-friction dominant wave behaviour.
For the geographic regions of each atoll, an area of dry land is considered "SAFE" if it is (a) above the maximum inundation height, and (b) of substantial size. Given the relative uncertainties of the true atoll topography, our advisory is therefore conservative. Elevations considered to be the minimum SAFE evacuation height in the event of a major tsunami are compiled in Table 4 . In some regions the result is flagged Figure 10 . Illustrative snapshots of wave fields within atolls generated from the Kuril-source MHWS simulation. Columns show water heights (relative to initial value at MHWS) for successive 100 s increments progressing from left to right in all three columns, the left-hand column at 1 h after the first wave-train arrival at Atafu. The top row (a-c) shows the oceanic wave field, the location of the three atolls within the white circles (Atafu, Nukunonu, and Fakaofo from left to right). The second row of frames (d-f) focuses on Atafu and follows the same time sequence as the top row, and similarly for Nukunonu (g-i), and Fakaofo (j-l). The colour scale bar along the base of the columns indicates the range of water heights from 0.5 to 1.5 m.
as "NOT SAFE"; these are regions that are particularly lowlying, or where the estimated tsunami inundation is large. In such cases, the advisory defaults to a precautionary approach, in which the area should be completely evacuated. As the villages of the Tokelau Islands are located on the western sectors of the atolls, hazards to infrastructure will also be sensitive to tsunami source and wave orientation.
The particular distant earthquake-source simulations responsible for the maximum tsunami run-up are also identified in Table 4 , and annotated accordingly as Chile (C), Kuril (K), Peru (P), and Tohoku (T). These tabulated results Table 4 . Recommended minimum evacuation heights above local sea level (metres) for combined distant sources. To better recognize wave orientation as part of an advisory, four geographic quadrants for each atolls are considered: north (N), south (S), east (E), and west (W). Due to the shape of Fakaofo the northeastern (NE) and northwestern (NW) quadrants of emergent land are noted. Labels refer to the distant sources of Chile (C), Kuril (K), Peru (P), and Tohoku (T), as the earthquake source region that yielded the maximum run-up height from the series of tsunami simulations. highlight that the largest magnitude earthquakes are not always responsible for the highest predicted run-up around the atoll. The azimuth of the tsunami-wave arrival is critical to the run-up height. Furthermore, while trans-Pacific tsunami from Kuril might result in the maximum predicted inundation for the atoll in general, other earthquake sources may present greater threats for some quadrants of the atolls. Importantly, regardless of the earthquake source, the simulations predict that some areas of dry land would be preserved. The Tohoku tsunami is a recent event of historic significance that was recorded around the Pacific (e.g. Popinet, 2012; Ford, 2014) . All the simulations imply some quantifiable run-up (i.e. something that could otherwise have been measured by a tide gauge, had one been installed) resulting from the Tohoku tsunami, but on a much smaller scale than that predicted for our Chile or Peru worst-case event, and significantly smaller compared to the Kuril event. The fact that there is no oral record of this tsunami by the Tokelauans might suggest that any increase in water height or behaviour was only minor and within the normal tidal range (0.7 m), consistent with the general findings of Ford et al. (2014) of relatively minor impacts in the Pacific Islands following the Tokoku tsunami. In contrast, regional-earthquake sources generally result in lower tsunami run-up compared to distant sources, but southern sectors of the atolls are potentially less safe because regionally sourced tsunami waves typically arrive from southern latitudes.
For Atafu at MHWS, the trans-Pacific tsunami simulations predict a higher initial water level that covers most of the western geographical quadrant of the atoll and is deemed to be unsafe (Table 4) . With the Kuril event specifically, there are still safe areas around the main village, and to the south and the east. But compared to the simulation with sea level at m.s.l., the northern quadrant is not considered safe. Excluding a Kuril source, the predicted run-ups are lower, and all areas might be regarded as potentially safe zones for evacuation except the western quadrant. The results for Nukunonu show that Kuril and Chile earthquake sources dominate the maximum run-ups. Again, for the simulation with sea level at m.s.l., safe evacuation heights for these sources can be found in each geographic quadrant of the atoll. In comparison to Atafu, for the simulation with the sea level at MHWS, the relatively low terrain of Nukunonu enhances reef passages between the open ocean and the lagoon. The result is that many geographical regions of Nukunonu are typically not safe and the main village itself is potentially liable to be completely inundated from a Kuril or regionally sourced earthquake (Table 4). For the distant sources not including Kuril (but including the 2011 Tohoku event), the main village remains largely dry, consistent with observations. Like Nukunonu, Fakaofo is relatively low-lying, with many areas open to the ocean at the highest tides. For all simulations, the southern and northwestern quadrants are typically not safe, as is the eastern quadrant for simulations at MHWS (Table 4) . However, importantly, for all simulations, including a worst-case Kuril source that predicted the maximum inundation, the main villages on Fakaofo are expected to retain safe dry areas.
Flow depths and velocities would be worthy additions to a future study that had the additional advantage of incorporating (yet to be acquired) high-resolution topographic and bathymetric data. We note that the impacts for Tokelau using the flow depths outlined by Tinti et al. (2011, see Fig. 17 and Table 6 therein) would likely be no flooding (and no damage) or only slight flooding, as the villages are not inundated in our scenarios. Hence, the addition of flow-related model outputs could be premature and unwarranted at this stage. However, should an analysis of selected sea walls and gabions of Tokelau -primarily erected to mitigate the regular threat of storm surges -be considered to assess their long-term engineering integrity, tsunami flow velocities might add usefully to a more holistic analysis. For this to proceed, new and more accurate topographic maps are needed.
Studies such as this can provide additional confidence to islanders and inform community evacuation strategies. In addition, the current study shows that provisional, but informative, simulation studies can be achieved even with only basic field data, due in part to the relative simplicity of the atoll topography and the ability to glean elevation information from readily available data such as aerial photographs, selected beach profiles, and only partial multibeam coverage. In this case at least, the conical bathymetric form and low-relief characteristic of atolls is initially advantageous from a modelling perspective. However, unquestionably, better bathymetric and topographic data should encourage future studies and quantification of other hydrodynamic nuances peculiar to tsunami interactions with atolls.
Conclusions
A limited suite of historical and plausible earthquake scenarios is simulated with the adaptive numerical model Gerris Flow Solver to explore the potential tsunami hazard for the three atolls of the Tokelau Islands and earthquake sources that present the greatest potential to trigger an emergency response. This approach yields instructive results to inform a community advisory but is not intended to be fully deterministic. The immediate surrounds of all the villages essentially remain dry in our tsunami simulations, with a tsunami-wave event that may last a few hours and include several wave trains. Our series of 14 simulations infers that great earthquakes and trans-Pacific tsunami from distant sources pose the most significant inundation threat to the Tokelau Islands in general, and from the Kuril Trench and northern sources in particular. Consistent with other studies, our simulations show that tsunami-wave orientation impacts inundation at specific locations aligned to the wave front, particularly from distant-eastern sources from the Chile and Peru subduction margins, and regional-earthquake sources to the south. The lagoon and deep passages through the fringing-reef matrix can also propagate significant tsunami-wave energy, particularly if tides are high. Simulations suggest that complex wave fields and interactions may also occur within the lagoons, the heights of which could influence evacuation strategies for villages and differs from typical coastal-island settings. Our study shows that indicative simulation studies can be achieved even with only basic field information. In part, this is due to the spatially and vertically limited topography of the atoll, short reef flat and steep seaward bathymetry, and the simple depth profile of the lagoon bathymetry.
